1] We present new polarimetric radar data for the surface of the north pole of the Moon acquired with the Mini-SAR experiment onboard India's Chandrayaan-1 spacecraft. Between mid-February and mid-April, 2009, Mini-SAR mapped more than 95% of the areas polewards of 80°latitude at a resolution of 150 meters. The north polar region displays backscatter properties typical for the Moon, with circular polarization ratio (CPR) values in the range of 0.1-0.3, increasing to over 1.0 for young primary impact craters. These higher CPR values likely reflect surface roughness associated with these fresh features. In contrast, some craters in this region show elevated CPR in their interiors, but not exterior to their rims. Almost all of these features are in permanent sun shadow and correlate with proposed locations of polar ice modeled on the basis of Lunar Prospector neutron data. These relations are consistent with deposits of water ice in these craters.
Introduction
[2] Volatiles deposited on the Moon by cometary and asteroidal impacts and the continuous impingement of solar wind hydrogen might migrate to and collect in permanently shadowed cold traps near the lunar poles, where they would be stable over geologic time [Arnold, 1979] . Because these cold traps receive no direct solar illumination, and emit little radiation, most are difficult to observe from the Earth. Radar can identify deposits of frozen volatiles because under certain conditions, they produce a unique backscatter signature. A high (>1.0) ratio of same sense to opposite sense polarization and high reflectivity has been detected by radar on the Galilean satellites of Jupiter [Hapke, 1990; Ostro and Shoemaker, 1990] , the residual south polar ice cap of Mars [Muhleman et al., 1991] and the inside of permanently shadowed polar craters on Mercury [Harmon and Slade, 1992; Butler et al., 1993] . These characteristics are attributed to multiple internal reflection and/or coherent backscatter produced by low-loss material, such as water ice [Ostro and Shoemaker, 1990] .
[3] Circular Polarization Ratio (CPR) is the ratio of power of the received signal in the same sense (SC; same sense circular) to that of the opposite sense (OC; opposite sense circular) as transmitted (SC/OC). Typically, rocky planets have low CPR (between 0.2 and 0.4), except for surfaces that are very rough on wavelength scales, in which CPR is elevated (caused by multiple double-bounce reflections). Ice is transparent to RF energy and radar is multiply scattered by imperfections and inclusions in the ice, also resulting in high CPR. The Clementine bistatic radar experiment [Nozette et al., 1996 [Nozette et al., , 1997 [Nozette et al., , 2001 revealed elevated CPR in the south polar region at bistatic angles close to zero, suggesting the presence of patchy ice deposits in the permanently dark areas of Shackleton crater. Later studies questioned this interpretation [e.g., Stacy et al., 1997; Campbell et al., 2006] and suggested that high CPR observed by Arecibo near the south pole are caused by surface roughness alone as only some of these areas are permanently shadowed. However, the presence of surface scatters in sunlight does not preclude the possibility of volume scattering ice in permanent darkness [Nozette et al., 2001] . Independently, the neutron spectrometer on the Lunar Prospector mission measured low epithermal neutron flux at both poles, indicating elevated amounts of near-surface hydrogen near the poles [Feldman et al., 1998 [Feldman et al., , 2000 . Combined with study of permanently shadowed areas [Margot et al., 1999] , the neutron signal has been attributed to the presence of water ice in dark polar craters [Lawrence et al., 2006; Elphic et al., 2007] .
[4] Mini-SAR is an S-band (l = 12.6 cm) imaging radar designed to map the polar terrain and to collect information about the scattering properties of illuminated and permanently dark areas of the lunar poles near optimum (45°) viewing geometry [Spudis et al., 2009] . From February to April 2009, the Chandrayaan-1 Mini-SAR mapped over 95% of the lunar poles (latitude > 80°) at 150 m radar resolution. The instrument utilizes a hybrid polarity architecture [Raney, 2007] which transmits circular polarization and receives two orthogonal linear polarizations coherently. This configuration allows us to reconstruct the four Stokes parameters of the backscattered field that are equivalent to those which would be measured by a conventional radar astronomical telescope that transmitted and received exclusively in circular polarizations.
Results
[5] The average CPR of the lunar surface is on the order of 0.2 to 0.4 at 45°incidence for typical terrains [Campbell et al., 2006; Thompson et al., 2008; Carter et al., 2009] . The north polar region displays many areas of elevated CPR (Figure 1 ). In some cases, this enhancement is clearly associated with morphologically fresh, young impact craters (red circles; Figure 1 ). This phenomenon is well known; the youngest features on the Moon are the roughest, with newly formed craters excavating large quantities of ejecta, having impact melt sheets with roughly textured flow surfaces and cracks, and throwing out many angular blocks [Schultz, 1976; Wilhelms, 1987; Heiken et al., 1991] . High CPR is found both within and outside of such features (red circles; Figure 1 ); high-resolution images of sunlit, fresh impact craters indicate a high degree of wavelengthscale surface roughness both within and outside the crater's rims [Schultz, 1976] . As features degrade and weather with time, the micrometeorite bombardment of the Moon slowly grinds rocks and small-scale textures into powder, gradually erasing the rough surface signature of fresh craters [Schultz, 1976; Wilhelms, 1987; Heiken et al., 1991] and merging the craters into the low CPR background of the lunar surface. These processes are continuous, cumulative, and progressive.
[6] The crater Main L (81.2°N, 22.7°E; 14 km diameter) is illuminated by sunlight both inside and outside its rim over the course of a lunar day. It is a fresh, Copernican-age impact crater and hence, is expected to display youthful morphological attributes, including many angular blocks and enhanced surface roughness in its interior and exterior. Mini-SAR images of this feature (Figure 2) confirm these expectations; the crater shows high radar backscatter in the SAR image and elevated CPR, both inside and outside of the crater rim ( Figure 2 ). Main L is in all respects a typical young impact crater and the CPR patterns revealed by our mapping can be used to infer high degrees of small-scale surface roughness in its deposits, both interior and exterior to the rim.
[7] Several craters found near the north pole of the Moon show a different pattern (Figures 1 and 3) . While most of the floor of the crater Rozhdestvensky (85.2 N, 155.4 W; 177 km diameter) is not in permanent darkness, the interiors of small (5-15 km diameter) craters found on its floor are [Margot et al., 1999; Bussey et al., 2005; Noda et al., 2008] . An example is shown in Figure 3 . This unnamed feature shows elevated CPR (mean value ∼0.74) within the bounds of its rim, but no enhancement of CPR exterior to its rim (mean value ∼0.28; Figure 3 ). This distribution is unlike that found around fresh craters such as Main L, where high CPR is associated with rough terrain in both the crater interior and exterior (Figure 2 , Table 1 ).
[8] A geological process that results in high degrees of surface roughness within, but not outside, of a crater rim is difficult to envision. One possibility is that the initial distribution of surface roughness around the crater was asymmetric; such a relation might be caused during the formation of secondary craters from high-angle, low-velocity material [Heiken et al., 1991] , which might preserve debris within its rim crest, while excavating only smooth, local regolith. There is no indication that any of these craters are secondaries; no herringbone patterns, overlap or chaining of irregular craters are observed. Many craters of intermediate age on the Moon preserve outcrop just inside their rim crests, leading to parts of their interiors showing elevated CPR with lower values external to their rims [e.g., Campbell et al., 2006 ]. However, the anomalous craters identified here display high CPR throughout the crater interior; it is not confined solely to the uppermost walls, associated with rock outcrop, or to the crater bottoms, a result of mass wasted debris [Wilhelms, 1987] .
[9] Away-facing slopes alter the incidence angle of the radar waves and can increase apparent CPR values up to 50%, depending on the topography of the surface [Carter et al., 2009] . Such an increase does not appear to be the sole cause of elevated CPR in the anomalous polar craters as the bowl-shaped craters (resulting in constantly changing incidence angles) show uniformly high CPR within the rim depression (Figures 1 and 3) and although a near-field rim slope effect is evident, CPR values are not arranged in conformity with the crater wall slopes throughout the interior of the feature. Over thirty craters in the north polar region show this anomalous pattern of CPR distribution (green circles; Figure 1) . These craters have a wide variety of ages but all show elevated CPR confined within their rim crests. The anomalous craters are concentrated at high latitudes, especially on the flat floors of the larger craters Peary, Hermite, and Rozhdestvensky (green circles ; Figures 1 and  3) . Studies of lighting conditions near the north pole indicate that the interiors of these anomalous craters are permanently dark [Margot et al., 1999; Bussey et al., 2005; Noda et al., 2008] .
[10] Modeling of the thermal conditions of permanently dark areas near the poles [Vasavada et al., 1999] indicates that they are significantly colder than 100 K; early data from the LRO Diviner experiment indicate cold trap temperatures as low as 25 K (D. A. Paige, Diviner observes extreme polar temperatures, 2009, available at http://www.diviner.ucla. edu/blog/?p=232). At such temperatures, water ice and other volatiles are stable and once deposited in these cold traps and covered by a thin (few cm) layer of regolith are largely protected from processes of removal. As the Moon has been bombarded with water-bearing objects such as comets and meteorites and implanted with solar wind hydrogen over geological time, some of this material must have made its way into these cold, dark areas.
[11] Analyses of the CPR data for anomalous polar craters (Figure 1 ) reveal them to be unique. A few non-polar craters have been identified that also exhibit high interior and lower exterior CPR values; an example is near Byrgius A (5 km diameter, 21.2°S, 64.5°W; Figure 4 ). This crater displays a median CPR of about 1.0 inside and 0.6 outside its rim, a value nearly twice that found exterior to anomalous polar craters (Table 1) . Unlike the polar craters, the crater near Byrgius shows relatively low SC backscatter (cf. Figures 3  and 4 ). While the CPR distributions of the interiors of both Main L and near Byrgius are highly peaked (high kurtosis), the distribution of CPR of the crater within Rozhdestvensky is dramatically flatter with a distinctly low kurtosis (Table 1) . Skewness values of all the CPR distributions (Table 1) similarly suggest that the CPR population of the crater within Rozhdestvensky is different and distinct. Thus, although superficially similar, the high CPR of the anomalous polar craters likely has a different origin from those of both fresh and non-polar craters. The anomalous polar craters occur in close geographical association, with over 20 specific examples found within or near Peary (Figure 1) while the crater near Byrgius is isolated (Figure 4) .
[12] The average CPR in the north polar area peaks around 0.29 (Figure 1 ), in accord with previous estimates for typical lunar surface [e.g., Carter et al., 2009] . The polar anomalous craters show enhanced CPR in their interiors, with the crater in Rozhdestvensky showing a mean 0.74 ± 0.32 CPR with isolated values greater than 1.5 ( Figure 3 ; Table 1 ). The elevated CPR, geological occurrence and setting of these features (confined within permanently shadowed polar areas) and low epithermal neutron flux (L. A. Teodoro, V. R. Eke, and R. C. Elphic, The spatial distribution of lunar polar hydrogen deposits after SELENE, 2009, available at http://lunarscience2009.arc.nasa.gov/node/73) are all consistent with the presence of water ice in these craters. The recent discovery of significant amounts of mobile water in the higher latitudes of the Moon [Pieters et al., 2009] may provide one source for the polar ice inferred from these measurements. The Mini-SAR data show that ice is heterogeneously distributed within many (but not all) of the small craters near the north pole and must be at least tens of wavelengths (∼2-3 m) thick to create a volume-scattering CPR enhancement. Such a distribution could indicate an episodic, stochastic depositional history rather than a steadystate, equilibrium process. We plan to repeat our measure- ments of these areas and observe new terrain using the Mini-RF experiment aboard NASA's Lunar Reconnaissance Orbiter to confirm and refine our estimates of the presence and distribution of ice at the poles of the Moon.
[13] Acknowledgments. We thank NASA's Space Operations Mission Directorate and Exploration Systems Mission Directorate, and the Department of Defense for supporting the Mini-SAR project. The instrument was built by Raytheon and BAE; project management was provided by the U. S. Navy's Air Warfare Center, China Lake CA. We thank the Indian Space Research Organization for selecting Mini-SAR for flight on Chandrayaan-1 and for supporting operations to obtain our mapping data. This paper is Lunar and Planetary Institute contribution 1540. Figure 4 . Small non-polar anomalous crater (21.2°S, 64.5°W; 5 km diameter) north of Byrgius (24.7°S, 65.3°W; 87 km diameter) displays high CPR in its interior but lower values outside its rim. Typical peak CPR values match both the Main L and polar anomalous examples, but SC returns are lower than the anomalous polar craters (Figure 3 ). Statistical analyses (Table 1) show that the distributions of CPR in this crater are similar to those of Main L (Figure 2 ) but not the polar anomalous craters (Figure 3 ). This crater interior is exposed to full sunlight over the course of a lunar day.
